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Introduction 


Although  antiandrogens  that  can  block  androgen  action  through  the  androgen  receptor 
(AR)  have  been  widely  used  for  the  treatment  of  prostate  cancer,  the  majority  of 
available  ones  possess  agonist  activity,  resulting  in  increases  in  serum  prostate-specific 
antigen  (PSA)  levels,  known  as  the  antiandrogen  withdrawal  syndrome  [1,2].  In  addition, 
we  previously  found  that  androstenediol  (Adiol),  a  physiological  metabolite  from 
dehydroepiandrosterone  (DHEA)  and  a  precursor  of  testosterone,  has  an  intrinsic 
androgenic  activity  which  was  not  completely  antagonized  by  two  clinically  used 
antiandrogens,  hydroxyflutamide  (HF)  and  bicalutamide  (BC)  [3],  Therefore,  new  and 
more  effective  antiandrogenic  compounds  with  marginal  androgenic  activities  need  to 
be  identified.  Our  hypothesis  in  the  current  project  was  that  DHEA  metabolites  or  their 
synthetic  derivatives  are  able  to  bind  to  the  AR  with  low,  if  any,  agonist  activity  and  thus 
function  as  better  antiandrogens  than  currently  available  ones.  We  previously  screened 
DHEA  derivatives/metabolites  for  their  androgenic  and  antiandrogenic  activities  and 
found  that  three  compounds,  3[3-acetoxyandrost-1 ,5-diene-17-ethylene-ketal  (ADEK), 
3p-hydroxyandrost-5, 16-diene  (HAD),  and  3-oxo-androst-1 ,4-diene-17-ketal  (OADK), 
show  only  marginal  agonist  effects  and  suppress  significantly  5a-dihydrotestosterone 
(DHT)-  and  Adiol-induced  AR  transactivations  [4-6],  Thus,  ADEK,  HAD,  and  OADK 
have  the  potential  to  function  as  potent  antiandrogens  that  carry  fewer  risks  of 
withdrawal  response  if  used  for  therapy  in  patients  with  prostate  cancer. 

The  tasks  in  the  approved  Statement  of  Work  in  this  period  (months  13-24)  would  be  to 
evaluate  the  effects  of  DHEA  derivatives  in  vitro  ( Task  1  for  months  1-18),  including 
Task  1-a  (to  test  the  effects  of  the  compounds  on  prostate  cancer  cell  proliferation, 
apoptosis,  cell  invasion,  expression  of  PSA  and  other  genes)  and  Task  1-b  (to  test  the 
effects  of  long-term  treatment  with  the  compounds  on  prostate  cancer  cell  growth),  and 
to  evaluate  the  effects  of  DHEA  derivatives  in  vivo  ( Task  2  for  months  19-48),  including 
Task  2-a  (to  test  the  tolerance  and  toxicity  of  the  compounds  in  mice). 


Body 

Effects  of  ADEK,  HAD,  and  OADK  on  cell  proliferation.  Using  MTT  (thiazolyl  blue) 
assay,  we  first  examined  androgenic/antiandrogenic  effects  of  ADEK,  HAD,  and  OADK, 
in  comparison  with  those  of  HF,  on  cell  proliferation  of  six  prostate  cancer  cell  lines  with 
different  AR  statuses.  LNCaP  and  CWR22Rv1  express  a  mutant  AR  T877A  and  a 
mutant  AR  H874Y,  respectively.  PC-3(AR)2  and  PC-3(AR)9  are  stable  clones  of  AR- 
negative  PC-3  with  wild-type  AR  under  control  of  a  cytomegalovirus  promoter  [7]  and  a 
natural  AR  promoter  [6,8],  respectively.  The  cell  lines  were  cultured  for  6  days  in  the 
presence  or  absence  of  1  nM  DHT  and  different  concentrations  of  HF,  ADEK,  HAD,  or 
OADK.  In  LNCaP,  DHT  or  HF  increased  cell  growth  by  nearly  100%  after  6-day  culture 
(Figure  1A,  lanes  1  vs.  2  or  9),  whereas  ADEK,  HAD,  and  OADK,  except  1  pM  OADK, 
showed  marginal  (<10%)  growth  induction  in  the  absence  of  androgens  (lanes  1  vs.  3-8). 
ADEK  (0.1  and  1  pM),  HAD  (1  pM),  and  OADK  (0.1  pM),  but  not  HF,  significantly 
antagonized  the  effect  of  DHT  (lanes  9  vs.  10-16).  Similarly,  in  CWR22Rv1,  HF,  ADEK, 
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HAD,  and  OADK,  except  1  pM  OADK, 
showed  marginal  (<10%)  growth 
induction  in  the  absence  of  androgens 
(Figure  IB,  lanes  1  vs.  2-8).  HF  (1  pM), 
ADEK  (0.1  and  1  pM),  HAD  (1  pM),  and 
OADK  (0.1  pM)  significantly  antagonized 
the  DHT  effect  (lanes  9  vs.  10-16).  In  PC- 
3(AR)9,  DHT  increased  cell  growth  by 
only  13%  (Figure  ID,  lanes  1  vs.  9). 
Although  HF,  ADEK,  HAD,  and  OADK 
showed  marginal  (<7%)  growth  induction 
in  the  absence  of  androgens  (lanes  1  vs. 
2-8),  these  compounds  did  not 
significantly  antagonize  the  effect  of  DHT 
(<6%;  lanes  9  vs.  10-16).  In  PC-3(AR)2 
(Figure  1C),  PC-3  (Figure  IE),  and 
DU145  (Figure  IF),  DHT,  HF,  and/or 
each  of  the  3  steroid  derivatives  showed 
little  effects  on  cell  growth.  We  also 
performed  MTT  assay  in  the  same  cell 
lines  with  treatment  of  Adiol  (instead  of 
DHT)  and  the  antiandrogenic  compounds. 
However,  up  to  10  nM  of  Adiol 
(physiological  concentrations  in  men  are 
~5  nM  [3])  did  not  significantly  increase 
the  growth  of  any  of  the  six  cell  lines,  and, 
therefore,  only  marginal  suppression  by 
steroid  derivatives  were  seen. 

Figure  1.  The  effects  of  DHEA  derivatives  on 
cell  proliferation.  LNCaP  (A),  CWR22Rvl  (B), 
PC-3(AR)2  (C),  PC-3(AR)9  (D),  PC-3  (E),  or 
DU  145  (F)  cells  were  cultured  for  6  days  with 
different  concentrations  of  HF,  ADEK,  HAD, 
OADK  in  the  absence  [ethanol  (ETOH);  white 
bars]  or  presence  (black  bars)  of  1  nM  DHT,  as 
indicated.  The  MTT  assay  was  performed  and 
growth  induction/  suppression  is  presented 
relative  to  cell  number  with  DHT  treatment  in 
each  panel  (ninth  lanes;  set  as  100%).  Values 
represent  the  mean  ±  SD  of  at  least  three 
determinations.  *p<0.05  (vs.  DHT  for  lanes  10-16; 
analyzed  by  Student’s  t-test). 


HF  ADEK  HAD  OADK  HF  ADEK  HAD  OADK 


Anti-DHT  effects  of  ADEK,  HAD,  and  OADK  on  apoptosis.  Using  DNA  fragmentation 
(TUNEL)  assay,  we  next  assessed  antiandrogenic  effects  of  ADEK,  HAD,  and  OADK  on 
apoptosis.  Prostate  cancer  cell  lines  were  cultured  for  6  days  with  1  nM  DHT  and 
different  concentrations  of  HF  (1  pM  only),  ADEK,  HAD,  or  OADK.  Apoptotic  indices 
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were  determined  by  fluorescence  microscopy.  As  summarized  in  Table  1,  ADEK  (0.1,  1 
pM),  HAD  (1  pM),  and  OADK  (0.1,  1  pM),  in  the  presence  of  DHT  (1  nM),  were  found  to 
induce  apoptosis  in  LNCaP  and  CWR22Rv1  cells.  In  contrast,  in  PC-3  as  well  as  PC- 
3(AR)2  and  PC-3(AR)9  cells,  there  are  no  significant  differences  in  apoptotic  indexes 
between  DHT  with  and  without  each  antiandrogenic  compound. 


Table  1 .  Apoptosis  in  prostate  cancer  cell  lines  following  the  treatment  of  DHEA  derivatives. 


Treatment  (+  1  nM  DHT) 

LNCaP 

CWR22R 

PC-3(AR)2 

PC-3(AR)9 

PC-3 

Mock  (ETOH) 

1.6 

2.7 

5.0 

3.9 

1.8 

HF  (1  pM) 

2.4 

9.2 

5.5 

5.1 

2.2 

ADEK  (0.1  pM) 

12.8 

16.4 

5.8 

6.9 

1.9 

ADEK  (1  pM) 

22.3 

20.6 

6.3 

7.7 

1.9 

HAD  (0.1  pM) 

4.9 

5.4 

5.8 

6.0 

1.8 

HAD  (1  pM) 

18.8 

16.6 

5.7 

7.0 

2.2 

OADK  (0.1  pM) 

19.3 

20.4 

6.9 

9.5 

2.7 

OADK  (1  pM) 

17.8 

18.5 

6.2 

9.9 

1.9 

Apoptotic  index  =  percentage  of  TUNEL-positive  cells  in  a  total  of  1 ,000  cells. 


Anti-DHT  effects  of  ADEK,  HAD,  and  OADK  on  colony  formation.  We  determined 
the  cell  survival  in  a  colony  formation  assay. 

The  number  of  colonies  formed  in  LNCaP 
(Figure  2A)  or  CWR22Rv1  (Figure  2B)  cells 
was  significantly  augmented  by  DHT 
treatment.  However,  the  DHEA  derivatives  as 
well  as  HF  showed  marginal  to  only  slight 
reductions  in  LNCaP  (up  to  13%)  and 
CWR22Rv1  (up  to  12%).  These  results 
suggest  that  antiandrogens  tested  do  not 
significantly  inhibit  androgen-induced  colony 
formation  of  prostate  cancer  cells. 

Figure  2.  The  effects  of  DHEA  derivatives  on 
colony-forming.  LNCaP  (A)  or  CWR22Rvl  (B)  cells 
plated  onto  the  soft  agar  were  cultured  for  2  weeks  with 
different  concentrations  of  HF,  ADEK,  HAD,  OADK 
in  the  absence  [ethanol  (ETOH);  white  bar]  or  presence 
(black  bars)  of  1  nM  DHT,  as  indicated,  and  stained 
with  methylene  blue.  Colonies  with  cell  numbers 
higher  than  50  were  counted.  Values  represent  the 

mean  ±  SD  of  at  least  three  determinations.  3456739 

1  0.1  1  0.1  1  0.1  1  UM) 


HF  ADEK 
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Anti-DHT  effects  of  ADEK,  HAD,  and  OADK  on 
cell  migration  and  invasion.  We  determined  the 
invasion  ability  of  prostate  cancer  cells  using  the 
transwell  chamber  assay.  As  shown  in  Figures  3A 
and  3B,  DHT  enhanced  the  invasion  ability  in 
LNCaP  (40%  increase)  and  CWR22Rv1  (59% 
increase)  cells,  respectively.  However,  the  DHEA 
derivatives  and  HF  showed  marginal  to  only  slight 
reductions  in  the  presence  of  DHT.  In  PC-3(AR)2, 
PC-3(AR)9  (Figure  3C),  or  PC-3  cells,  DHT 
marginally  (up  to  16%)  increased  the  invasion,  and 
DHEA  derivatives  did  not  show  significant  inhibitory 
effects.  These  results  suggest  that  antiandrogens 
tested  do  not  significantly  inhibit  androgen-induced 
cell  migration  and  invasion  of  prostate  cancer  cells. 

Figure  3.  The  effects  of  DHEA  derivatives  on  invasive 
ability.  Matrigel  in  serum-free  cold  cell  culture  medium  was 
placed  in  the  upper  chamber  of  a  24-well  transwell  and 
incubated  for  5  h  at  37°C.  LNCaP  (A),  CWR22Rvl,  or  PC- 
3(AR)9  (C)  cells  were  harvested,  and  cell  suspensions  (100 
pi)  were  placed  on  the  matrigel,  and  the  lower  chamber  of  the 
transwell  was  filled  with  culture  medium  in  the  presence  of  5 
pg/ml  fibronectin,  as  an  adhesive  substrate.  DHT  (1  nM) 
together  with  different  concentrations  of  HF,  ADEK,  HAD,  or 
OADK  was  added  in  both  upper  and  lower  chambers. 
Following  48  h  of  incubation  at  37°C,  transwells  were 
removed  and  stained  with  Giemsa  solution.  Non-invading 
cells  on  top  of  transwells  were  removed,  and  invading  cells 
were  counted  under  the  microscope.  Values  represent  the 
mean  ±  SD  of  at  least  three  determinations. 
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Anti-DHT  effects  of  ADEK,  HAD,  and  OADK  on  mRNA  expression  of  PSA,  AR,  and 
other  molecules  related  to  angiogenesis  and  metastasis.  A  quantitative  reverse 
transcription  (RT)-polymerase  chain  reaction  (PCR)  analysis  was  then  performed  in  AR- 
positive/PSA-positive  prostate  cancer  cells,  LNCaP  and  CWR22Rv1 ,  in  order  to  assess 
the  antiandrogenic  effects  of  ADEK,  HAD,  and  OADK  on  tumor  progression  (i.e.  PSA, 
AR)  and  angiogenesis/metastasis  [i.e.  basic  fibroblast  growth  factor  (bFGF),  vascular 
endothelial  growth  factor  (VEGF),  interleukin  (IL)-6,  and  matrix  metalloproteinase 
(MMP)-9],  As  expected,  DHT  increased  and  ADEK  (1  pM),  HAD  (1  pM),  and  OADK  (0.1 
pM)  suppressed  DHT-enhanced  PSA  expression  both  in  LNCaP  and  CWR22Rv1  cells 
(Figure  4A).  DHT  increased  AR  mRNA,  and  only  ADEK  (in  LNCaP)  or  HAD  (in 
CWR22Rv1)  significantly  inhibited  the  DHT-mediated  AR  expression,  although  all  3 
compounds,  as  well  as  HF,  showed  a  tendency  to  decrease  it  (Figure  4B).  Similarly, 
DHT  could  significantly  increase  the  expression  of  bFGF  (Figure  4C),  VEGF  (Figure 
4D),  IL-6  (Figure  4E),  and  MMP-9  (Figure  4F)  in  LNCaP  and  CWR22Rv1  cells. 
However,  only  some  treatments  significantly  antagonized  the  effects  of  DHT 
(ADEK/HAD  for  VEGF  in  LNCaP,  HAD  for  VEGF  in  CWR22Rv1,  and  ADEK  for  IL-6  or 
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MMP-9  in  CWR22Rv1).  Again,  10  nM  Adiol  did  not  significantly  increase  the  expression 
of  the  molecules,  which  was  only  marginally  suppressed  by  the  steroid  derivatives. 


Figure  4.  The  effects  of  DHEA 
derivatives  on  expression  of 
PSA  (A),  AR  (B),  bFGF  (C), 
VEGF  (D),  IL-6  (E),  and 
MMP-9  (F).  LNCaP  (white 
bars)  or  CWR22Rvl  (black  bars) 
cells  were  cultured  for  48  h  with 
1  pM  HF,  1  pM  ADEK,  or  1  pM 
HAD,  or  0.1  pM  OADK  in  the 
absence  or  presence  of  1  nM 
DHT,  as  indicated.  Total  RNAs 
from  these  cells  were  isolated 
and  reverse  transcribed.  Real¬ 
time  PCR  was  then  performed, 
using  each  specific  primer  set. 
GAPDH  was  used  as  an  internal 
control.  Expression  levels  are 
presented  relative  to  those  with 
DHT  treatment  in  each  panel 
(second  lanes;  set  as  100%). 
Values  represent  the  mean  ±  SD 
of  at  least  three  determinations. 
*p<0.05  (vs.  DHT;  analyzed  by 
Student’s  7-test). 


Anti-DHT  effects  of  ADEK,  HAD,  and  OADK  on  protein  expression  of  PSA. 

Western  blotting  analysis  was  performed,  using  a  PSA  antibody  (DAKO),  as  described 
previously  [5,6],  in  order  to  determine  whether  DHEA  derivatives  inhibit  androgen- 
mediated  PSA  protein  expression  in  prostate  cancer  cells.  As  expected,  DHT  increased 
endogenous  PSA  expression  in  LNCaP  or  CWR22Rv1  cells  over  mock  treatment 
(Figure  5,  lanes  1  vs.  2).  ADEK,  HAD,  and  OADK  showed  only  marginal  induction 
without  androgens  (lanes  1  vs.  3,  5,  or  7)  and  antagonized  DHT-induced  PSA 
expression  (lanes  2  vs.  4,  6,  or  8).  HF  did  not  show  significant  anti-DHT  effects  (lanes  2 
vs.  10). 


Figure  5.  The  effects  of  DHEA  derivatives  on  PSA  expression.  Cell  extracts  from  LNCaP  or 
CWR22Rvl  cultured  for  48  h  with  ADEK  (1  pM),  HAD  (1  pM),  OADK  (0.1  pM),  or  HF  (1  pM)  in  the 
absence  or  presence  of  1  nM  DHT,  as  indicated,  were  analyzed  on  Western  hots,  using  an  antibody  to 
PSA  (upper)  or  |3- 

LNCaP  CWR22R 
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actin  (lower).  The 
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and  43  kDa  (for 
P-actin  as  an 
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proteins  were 
detected. 
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Anti-DHT  effects  of  ADEK,  HAD,  and  OADK  on  protein  expression  of  AR  and  other 
molecules  related  to  angiogenesis  and  metastasis.  Additional  Western  blotting 
analyses  were  performed  to  assess  whether  DHEA  derivatives  inhibit  androgen-induced 
protein  expression  of  AR  and  angiogenic/metastatic  factors  in  prostate  cancer  cells. 
Such  factors  included  VEGF,  IL-6,  and  MMP-9.  As  expected,  DHT  increased 
endogenous  expression  of  AR  and  other  factors  in  LNCaP  or  CWR22Rv1  cells  over 
mock  treatment 

(Figure  6).  Then, 

ADEK,  HAD,  and 
OADK  showed 

antiandrogenic  effects 
on  the  expression  of 
most  of  the  proteins 
without  significant 
agonist  activities. 

Figure  6.  The  effects  of 
DHEA  derivatives  on  the 
expression  of  proteins 
related  to  angiogenesis/  metastasis.  Cell  extracts  from  LNCaP  or  CWR22Rvl  cultured  for  48  h  with 
ADEK  (1  pM),  HAD  (1  pM),  or  OADK  (0.1  pM)  in  the  absence  or  presence  of  1  nM  DHT,  as  indicated, 
were  analyzed  on  Western  bots,  using  an  antibody  to  AR  (N20),  VEGF,  IL-6,  MMP-9,  or  [I-actin  (all 
from  Santa  Cruz  Biotechnology). 

Effects  of  long-term  treatment  with  ADEK,  HAD,  or  OADK.  To  determine  whether 
long-term  cultures  with  each  DHEA  derivative  lead  to  any  changes  in  the  cells  ( e.g . 
growth  rate,  expression  of  AR  and  PSA,  response  to  androgen  supplementation),  we 
have  cultured  LNCaP  cells  for  at  least  20  weeks  with  1  pM  ADEK,  1  pM  HAD,  or  1  pM 
OADK.  Using  these  sublines,  we  then  performed  MTT  assay,  RT-PCR,  and  Western 
blotting,  as  described  above.  Unfortunately,  we  identified  no  significant  differences  in 
cell  growth  in  the  presence  or  absence  of  androgen  and  the  expression  of  androgen- 
regulated  proteins  between  each  subline  versus  control  subline.  We  continue  to  culture 
the  sublines  in  the  same  conditions.  In  addition,  we  will  culture  LNCaP  cells  with  higher 
concentrations  of  each  DHEA  derivative. 

Tolerance/toxicity  for  ADEK,  HAD,  and  OADK  in  animals.  To  determine  whether  the 
DHEA  derivatives  are  well  tolerated  or  affected  any  adverse  responses  in  animals, 
ADEK,  HAD,  or  OADK  (200  mg/Kg  daily  for  14  days;  2x  postulated  therapeutic  dose  [9]) 
was  administered  subcutaneously  in  6-week-old  male  C57BL/6  mice  (n  =  5  /  each 
group).  The  data  in  Table  2  demonstrate  that  there  were  no  statistically  significant 
differences  (by  Student’s  f-test)  in  food  intake,  weight  gain,  and  weights  of  the  heart, 
liver,  kidney,  adrenal,  spleen,  testis,  and  brain  between  control  and  treatment  groups. 
These  organs  were  also  histologically  examined.  I,  as  a  certified  pathologist,  confirmed 
that  there  were  no  significant  visible  changes  in  the  H&E  stained  tissues  from  different 
groups  of  mice.  Thus,  it  was  likely  that  animals  with  injections  of  a  high  dose  of  ADEK, 
HAD,  or  OADK  suffered  from  no  adverse  effects. 


LNCaP  CWR22R 

—  ; - - AR  —  — - 

—  - — - - IL-6  —  — - 

- —  MMP-9  ■■■■■■I 

——  —  —————  p-actin  ———————— 

-+-+-+-+  DHT  -+-+-+-  + 

ADEK  HAD  OADK  ADEK  HAD  OADK 


6 


Table  2.  Responses  to  injected  DHEA  derivatives  in  mice. 


Control 

ADEK 

HAD 

OADK 

Weight  gain  (g) 

1.7 

1.5 

1.6 

1.6 

Food  intake  (g) 

55.8 

52.1 

52.7 

55.0 

Heart  (mg) 

120 

109 

111 

118 

Liver  (mg) 

1,180 

1,221 

1,215 

1,264 

Kidney  (R+L,  mg) 

387 

402 

398 

380 

Adrenal  (R+L,  mg) 

12 

11 

10 

11 

Spleen  (mg) 

78 

74 

77 

81 

Testis  (R+L,  mg) 

365 

339 

342 

351 

Brain  (mg) 

416 

423 

424 

410 

The  data  represent  the  average  weights  from  5  mice. 


Key  Research  Accomplishments 

1.  (for  Task  1-a )  Using  different  prostate  cancer  cell  lines,  we  demonstrated 
antiandrogenic  effects  of  ADEK,  HAD,  and  OADK  on  cell  proliferation/apoptosis, 
colony  formation,  cell  migration/invasion,  and  the  expression  of  AR,  PSA,  and 
angiogenic/metastatic  factors,  with  marginal  androgenic  activities,  in  vitro  (Figures  1- 
6  and  Table  1). 

2.  (for  Task  1-b )  There  were  no  significant  differences  in  cell  growth  or  the  expression 
of  androgen-regulated  proteins  among  LNCaP  sublines  after  long-term  culture  (at 
least  20  weeks)  with  ADEK,  HAD,  OADK,  or  BC. 

3.  (for  Task  2-a )  ADEK,  HAD,  and  OADK  were  well  tolerated  or  affected  no  adverse 
responses  in  mice. 
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receptor.  The  93rd  Annual  Meeting  of  The  Endocrine  Society  at  Boston,  MA  (June 
2011);  Abstract  published  in  Endocr  Rev  32(3  Suppl):  P3-31 ,2011. 
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Conclusion 

Using  the  prostate  cancer  cell  lines  with  different  AR  statuses, 

androgenic/antiandrogenic  effects  of  ADEK,  HAD,  and  OADK  on  cell 

proliferation/apoptosis  and  the  expression  of  AR,  PSA,  and  angiogenesis/metastasis- 
related  molecules  were  evaluated.  We  found  that  these  compounds  indeed  exhibited 
antiandrogenic  activities,  although  they  were  not  always  significant.  These  compounds 
showed  marginal  effects  on  androgen-induced  colony  formation  and  cell 
migration/invasion.  Nonetheless,  our  results  suggest  that  ADEK,  HAD,  and  OADK  are 
superior  to  HF,  in  terms  of  androgenic  and  antiandrogenic  properties  in  prostate  cancer 
cells  in  vitro.  We  also  tested  the  tolerance  and  toxicity  of  ADEK,  HAD,  and  OADK  in 
mice  and  identified  no  adverse  effects.  We  are  ready  to  perform  further  in  vivo  studies 
to  assess  the  anti-tumor  effects  of  these  compounds  in  mouse  xenograft  models  for 
prostate  cancer. 
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